Introduction
For magnet fabrication, 3D printing offers design freedom in terms of geometry, composition [1] , and particle orientation [2] compared with Materials and Design 183 (2019) 108133 conventional sintering [3] and injection molding [4] methods. Recently, 3D printing of polymer-bonded magnets has gained research interest over traditional magnet fabrication techniques because of advantages such as reduced material waste and minimal tooling [6] [7] [8] [9] [10] [11] [12] [13] [14] . Big Area Additive Manufacturing (BAAM) [5] , Fused Deposition Modeling [6] , Selective Laser Sintering (SLS) [7, 8] , Binder jetting [9] , Thermo-curing Direct Write [10] , and more recently UV-Assisted Direct Write (UADW) method [1] have been demonstrated for magnet fabrication. Among all the reported methods, magnets fabricated using the UADW method stand out both in terms of surface finish (smoothness) and magnetic performance. In this method, ferromagnetic particles (NdFeB) are first dispersed in a UV curable polymer binder, forming a paste at high particle loadings. This paste is then extruded through a nozzle tip and subsequently cured by a UV light source layer-by-layer to fabricate magnets of arbitrary shapes. Further, UADW may be combined with surface mapping and a rotary stage to print functional components (e.g., sensors) directly and conformally onto actual machine parts, allowing seamless integration of functionality into parts with different form factors.
For polymer-bonded magnets, it is well established that increasing the ratio of magnetic powder to non-magnetic binder will increase the remanence and energy product, thereby improving the magnetic performance [11] . However, increasing the powder loading also makes mixing more difficult and increases the chance of particle jamming and nozzle clogging. Further, the ink viscosity may also become too high to be printed, as limited by the printing pressure and flow instabilities [12] . Physically, the increase of viscosity is caused by an increase in both the hydrodynamic interactions and particle-particle interactions as the particle loading increases. At exceedingly high particle loadings, particle-particle interactions become increasingly important [13, 14] .
In our previous work [5] , spherical magnetic particles prepared by an atomization process were used. However, the cooling rate of the atomization process is about two orders of magnitude lower than that of melt spinning [15] . The lower cooling rate results in weaker magnetic phases and the inclusion of non-magnetic elements, limiting the magnetic properties of the powder. Particles prepared from melt spinning is preferred because of the better intrinsic magnetic properties. However, melt spun particles tend to have a non-spherical shape, which has important implications on the rheology and printability. Unlike spherical particles, non-spherical particles tend to rotate or tumble in shear flow, increasing particle-particle interactions and resulting in a higher overall viscosity [16, 17] . This is especially true if the particles are not aligned along the shear plane. Highly concentrated suspensions containing non-spherical particles poses a processing challenge because these suspensions generally have a higher working viscosity compared to spherical particle suspensions (for the same particle volume fraction) [16] . This greatly limits the highest printable particle loading and consequently the printed magnet performance.
This paper aims to address the aforementioned processing challenge associated with printing highly concentrated non-spherical particles. The end goal of maximizing the performance of the printed magnets is achieved by understanding the role of particle size and shape on the suspension rheology. More specifically, the effects of average particle size and particle size distribution on rheology have been characterized. The resultant magnets showed the best performance, in terms of relative remanence, relative coercivity, and energy product, compared to all previously reported 3D printed magnets.
Experimental methods

UV-Assisted Direct Write (UADW)
The UADW process employs pneumatically-driven nScrypt tabletop series micro-dispensing equipment. To enable the printing of suspensions having a high particle concentration and a high viscosity, the maximum feed pressure of the system was upgraded from 50 psi to 100 psi. The penetration depth of UV depends on the wavelength and the loading of the particles, and a UV wavelength of 405 nm was chosen based on our previous work [1] . A lens with a focal length of ca. 10 mm was used to focus the UV onto a freshly printed layer. As a rule of thumb, the nozzle size should be at least ten times larger than the characteristic size of the particles [18] . In this study, unless otherwise specified, a layer thickness of 800 μm and a dispensing tip with a 1.6-mm inner diameter was used to minimize clogging and to reduce the pressure drop through the tip.
As illustrated in Fig. 1 , the system deposited the first layer onto a transparent polyimide substrate with a printing speed of 5 mm/s. Next, the UV light source irradiated the printed pattern at a moving speed of 2 mm/s following the same tool path [19, 20] . The distance between the UV lens and the freshly printed layer was kept at the optimal focal length of 10 mm. The UV cured the layer before the next layer was printed on top. The process was repeated until the entire structure was completed. After that, the complete printed structure was inverted and UV was irradiated through the underside of the polyimide substrate to further cure the bottom of the printed part. The printed structure was then removed from the substrate, giving a freestanding "green" product. The product was further post-cured under a high-density multiple wavelength UV lamp (UVP B-100A), followed by heat treatment at 60°C
(Binder FED 115 oven) for 1 h. Post-curing was applied to increase the degree of cure and improve the mechanical properties. The weight and volume of the samples were then measured to calculate the density of the printed products. For comparison, a "casted" sample was prepared by thermally curing 65 vol% ink at 120°C for 1 h and the cured sample was machined into a cube. The sample was then magnetized and benchmarked against printed magnets.
Material
The powder used in this study is MQP-B-20076 isotropic nonspherical NdFeB powder. The as-received particles were produced by melt spinning, having four average particle sizes of 5, 20, 80, and 200 μm and a specific gravity of 7.6 g/cm 3 . According to the manufacturer, the intrinsic coercivity (H ci ), remanence (B r ), and energy product ((BH) max ) are 9.1-9.8 kOe, 8.78-8.98 kG, and 14.7-15.7 MGOe, respectively. Around 5% performance degradation is expected for finer 5 and 20 μm particles size due to oxidation. The 20-, 80-and 200-μm particles were further sieved to reduce the size distribution. A particle size analyzer equipped with tri-laser technology (Microtrac S3500 series) was used to determine the particle size distribution of the sieved powder. Dry measurements were carried out in triplicate using air as the medium to convey the sample to the measuring cell. Bimodal samples were then prepared by mixing any two of the sieved samples at different ratios before the UV binder was added.
Formlabs® clear photopolymer resin binder was chosen as the fluid carrier for the NdFeB powder as it yields high NdFeB loading while maintaining sufficiently low viscosity for printing. The resin is composed of methacrylate oligomers and monomers and has a specific gravity of 1.1 g/cm 3 . According to Zguris [21] , a UV curving wavelength of 405 nm would yield the best mechanical strength for the neat binder. For compounding the powder with the UV binder, a Resodyn LabRAM II acoustic mixer was used at a mixing intensity 100 times gravitation for 5 min to allow thorough and uniform mixing.
Rheology characterization
Flow curves were measured using a drag-flow rheometer (Physica MCR 702, Anton Paar). Two different fixtures, namely a concentric cylinder and sandblasted parallel plates, were used. Samples with a concentration b 45 vol% were prone to sedimentation, so a concentric cylinder was used [22] . Sandblasted 25-mm parallel plates were used for higher concentration samples (N 45 vol%) to minimize wall slip during tests. The test gap was chosen to be at least ten times than the average particle size to reduce wall effects. The apparent viscosity of the samples was measured from a shear rate of 0.01 to 25 s −1 at 25°C. In small amplitude oscillatory measurements, parallel plate fixture, a strain amplitude (γ 0 ) of 1% and a frequency (ω) of 1 rad/s were used.
Magnetic properties measurements
First, the sample dimensions were measured and recorded. All samples were fully magnetized with a pulsed field of ca. 100 kOe and then second quadrant demagnetization curves were measured on each test sample. The sample under test was placed in the calibrated search coil assembly, then into the gap of an electromagnet. A direct current (DC) magnetizing field of approximately 10 kOe was applied to the magnet in the first quadrant. After applying a forward +10 kOe, the second quadrant B vs. H and (B\ \H) vs. H demagnetization curve was measured out to the intrinsic coercive field, H ci , at room temperature. All testing was performed using a KJS Associates, Inc. Model HG-700 Computer Automated Magnetic Hysteresigraph System. Testing complies with ASTM A977/A977M-01, "Standard Test Method for Magnetic Properties of High Coercivity Permanent Magnet Materials Using Hysteresigraphs." The B and H-channel is calibrated against a Magnetic Instrumentation Model 2100 Digital Hall-effect Gaussmeter with 0.3% linearity Hall probe and NIST traceable calibration. Overall system accuracy is approximately ±1% for B and ± 2% for H. Data shown in Fig. 6 were collected using a closed-circuit measurement system so no demagnetizing factor correction was applied.
Results and discussions
Particle size and shape characterization
The NdFeB powders used in this study have an average size, or the equivalent spherical diameter, ranging from 5 to 200 μm. The equivalent spherical particle diameter was characterized using a Microtrac S3500 series particle size analyzer based on laser diffraction technology with three lasers. The particle size distribution was calculated from the scattered light signals using a proprietary method and software developed by Microtrac. As shown in Fig. 2 , the shape of 5-μm and 20-μm samples are irregular, whereas triangular plate-like particles are clearly visible in the 80-μm and 200-μm samples. Further, if we define the aspect ratio as the longest axis of the particles divided by the shortest axis, the 200-μm sample has a higher aspect ratio than the 80-μm sample, followed by the 20-μm and the 5-μm samples. For high aspect ratio particles, the particle orientation affects the overall viscosity of the system [23] . Theoretically, particles with high aspect ratio will become progressively align along the shear plane as the shear rate increases, leading to a reduction in viscosity and shear thinning [16, 24, 25] . Fig. 2e shows the detailed distributions of the particle size of all the samples studied. Although the samples have been sieved before use, a size distribution still exists in the unimodal samples. . Within the shear rate range studied, the neat binder behaved essentially as a Newtonian fluid with a constant shear viscosity of ca. 0.9 Pa.s. Inclusion of NdFeB powder increased the suspension viscosity, especially at low shear rates, leading to shear thinning behavior (i.e., viscosity decreases as a function of increasing shear rate). The degree of shear thinning increases as the powder loading increases. Some degree of shear thinning is considered to be desirable for extrusion-based 3D printing because the shear rate generated the printing process will reduce the ink viscosity for ease of extrusion. As soon as the ink is deposited onto a substrate, the shear rate diminishes, and the corresponding increase in ink viscosity minimizes further fluid spreading, thereby improving shape fidelity of the printed structure. It is worth noting that the viscosities of non-spherical NdFeB suspensions are generally higher than the viscosities of spherical NdFeB suspensions reported previously [1] . This may be explained by the increase of particle-particle interactions due to the irregular shape of the particles as they tumble and make contacts in shear flow.
Effects of particle concentration and size on ink rheology
Different empirical and semi-empirical models exist in the literature to describe the evolution of suspension viscosity as a function of particle volume fraction. Relative viscosity is defined as the suspension viscosity divided by the suspending medium viscosity, or the viscosity of the neat binder in this case. As majority of the existing models were invented and validated for spherical particle suspensions in dilute or semidilute regime, there are fewer models available for highly concentrated non-spherical particle suspensions. In this paper, we will limit to two commonly used models proposed by Mooney and Krieger and Dougherty.
Mooney [26] proposed the following equation: where η r is the relative viscosity, k is a shape-factor parameter, and ϕ m is the maximum packing fraction. For hard spheres, k is expected to be 2.5. For non-spherical particles, k is larger than 2.5 and becomes an empirical parameter that is highly dependent on the aspect ratio and surface roughness of the particles [27] . Another widely accepted form was proposed by Krieger and Dougherty [28] . Table S1 . For unimodal dispersions, the k value varies from 6.3 to 15.0 while the ϕ m value varies from 0.50 to 0.69. For bimodal dispersions, the k value varies from 7.0 to 11.3 while the ϕ m value varies from 0.64 to 0.75. Determining the exact relationship between these model parameters and particle attributes such as size distribution, aspect ratio, and roughness is beyond the scope of this study. Although these values were obtained empirically from data fitting, the bimodal dispersions tend to have a higher ϕ m value which is consistent with the Farris effect explored in the next section.
To assess the stability, or more specifically, the sedimentation propensity of the suspensions, the magnitude of complex modulus, or | G*|, of the suspensions was measured as a function of time as small amplitude oscillatory shear (γ 0 = 1%; ω = 1 rad/s) was applied to the sample confined between two parallel plates. Fig. 3c shows the time sweep results for three different particle loadings (37%, 46%, and 57%, by volume). The ratios of |G*| measured at 600 s to the initial value (i.e., |G * | 600 s /|G * | 0 s ) are included in the plot for reference. For the 37% and 46% samples, the complex modulus decreases over time. The decrease is attributed to the sedimentation of particles due to the large density difference between the particles and the binder, resulting in a lower effective concentration near the upper parallel plate at which the torque is measured. In the case of the 57% sample, it is hypothesized that the high loading of particles hinders particle motions as the particle will have to get pass each other before sedimentation occurs. As a result, the complex modulus remains fairly constant over time, which is desirable for consistent printing. The effect of average particle size on the steady shear rheology is shown in Fig. 3d . The particle loading of all four samples is kept at 57 vol%. The two samples containing smaller particles (5 μm and 20 μm) clearly showed a higher apparent viscosity compared to the samples containing larger plate-like samples (80 μm and 200 μm). The difference between these samples is attributed to the different levels of particle-particle interactions and possibly particle orientation (in the case of plate-like samples). First, for the same volume fraction, the number density of smaller particles will be higher than that of the larger particles. This results in a larger contribution of particle-particle interactions to the overall viscosity [13] . Second, in the case of the larger plate-like particles having a high aspect ratio, they may become aligned as the loading increases due to excluded volume interactions, which are well documented in the liquid crystalline literature [29, 30] . Third, these particles may become aligned along the shear plane because of the hydrodynamic forces associated with the squeeze flow during sample loading and shear flow during experiments. The shear stress contribution of particles towards the overall suspension viscosity decreases as the degree of shear-plane alignment increases [31] . The alignment of plate-like particles has been observed and reported by Paranthaman et al. for magnets 3D printed using the BAAM method. Scanning electron microscopy (SEM) was performed on the printed magnets in this study; however, no clear preferentially alignment of the particles was observed. A representative SEM image is included in Supporting Information. 3.3. Using particle polydispersity to increase the highest printable particle loading For a given feed pressure of 100 psi, the highest printable particle loading was determined to be 55% by volume for the 20-μm particle sample. In this section, we explore the idea of introducing particle polydispersity to increase the maximum packing fraction. This idea is inspired by the seminal paper by Farris [32] , who studied the effects of mixing two different sizes of spherical particles. Physically, the smaller particles of an appropriate size ratio to the larger ones will fill the interstices between the large particles, thereby maximizing the total solid volume fraction [33] . Most of the existing studies, including the original work, focus on spherical particles. In this study, we define the size ratio of the irregular non-spherical particles as the ratio between the larger particle size (a l ) and the smaller particle size (a s ), using the equivalent spherical particle diameter as the characteristic particle size.
Additionally, we use the volume fraction of the larger particles (ζ) relative to the total volume fraction to describe the samples prepared by mixing any two different sizes:
where ϕ l is the volume fraction occupied by the large particles and ϕ is the total volume fraction occupied by particles, both large and small. Fig. 4a shows the effects of particle size ratio (δ) as a function of the volume fraction of large particles (ζ) for a given shear rate of 0.01 s [34, 35] , whereas Shapiro et al. reported the minimum occurs at ζ N 0.5 [36] . As shown in Fig. 4a , the minimum viscosity occurred at ζ = 0.67, consistent with numerical simulation results obtained by Morris and colleagues who suggested the lowest viscosity occurred for 0.5 b ζ b 0.7 [17] . However, Morris et al. considered bimodal mixing of spherical particles instead of non-spherical particles and the simulated particle size ratio varies within a much narrower range (from 2 to 4). In terms of size ratio (δ), the minimal viscosity was observed for δ = 16, which is consistent with the experimental values reported by Brouwers et al. and Dames et al. [37] for highly concentrated bimodal suspensions. Fig. 4b summarizes the relative viscosity data as a function of total particle loading (at a fixed ζ-value of 0.67). For the same relative viscosity value, a δ-value of 16 yields the highest particle loading. For δ = 16 and ζ = 0.67, dispersions with a total particle loading of as high as 65 vol% was successfully prepared. Muller et al. [38] reported an experimentally achievable particle concentration of 57.5 vol% for polyacrylic glitters with a similar shape.
Density and surface finish of UADW magnets
One drawback of Fused Deposition Modeling (FDM) and Big Area Additive Manufacturing (BAAM) printed magnets is their high porosity because of the elliptical-shaped cross-sections of the infills and rapid solidification of polymer melts. Measured density of FDM and BAAM magnets can be 10 to 20% lower than the theoretical density calculated from the nominal composition of the feedstock [5] . Extrusion-based DW uses ink formulations with viscosities orders of magnitude lower than FDM and BAAM. Surface tension can therefore facilitate the fusion between deposited inks, minimizing or removing any voids. Since polydispersity lowers the ink viscosity, the void fraction could be further reduced. Experimentally, for 55 vol% of 20-μm unimodal particles, the density of the printed magnets was measured to be 4.4 g/cm 3 , which closely matches the expected theoretical density of 4.4 g/cm 3 (assuming a linear combination of input material densities and no voids). As the nominal volume fraction was further increased to 60%, the average density of the magnets printed from unimodal particles increased to 4.6 g/cm 3 (based on three samples), which is 8% lower than the expected theoretical density of 5.0 g/cm 3 . The difference is attributed to the increasing difficulty in dispersing the particles uniformly as the particle loading and viscosity approach the theoretical limit. For the bimodal mixing of 5-μm and 80-μm particles at ζ = 0.67 and ϕ = 0.65, the resulting printed magnet sample has a density of 5.0 g/cm 3 , matching the theoretical density. The highest particle loading was found to be ca. 65 vol% for an optimized δ-value of 16 and ζ-value of 0.67, limited by the abundance of binder and/ or mixing method. A higher loading than these values resulted in an inhomogeneous sample with clearly visible spherical clusters (see Supporting Information).
Although bimodal mixing increased the maximum printable volume fraction, the presence of larger particles in bimodal print mixture also resulted in shape distortion and a rougher surface, compromising the quality of the surface finish. Fig. 5a and c show the top and side views of a magnet printed from unimodal 20-μm non-spherical particles, compared to that of a magnet printed from a bimodal mixture of 5-μm and 80-μm non-spherical particles with maximum loading (Fig. 5b  and d) . The use of larger particles requires a larger nozzle, which increases the layer thickness and consequently exacerbate the "staircase effect". Fig. 5e and f show in greater detail the corresponding (top) surface profile of these samples measured using white light interferometry. For a scanned area of 0.7 mm × 0.5 mm, the unimodal sample has an arithmetic mean roughness (R a ) of 1.393 μm and a ten-point height (R z ) of 28.14 μm, whereas the bimodal sample has a R a -value of 12.971 μm and a R z -value of 188.24 μm. The roughness of the bimodal sample is an order of magnitude higher compared to the unimodal sample. Fig. 6a and b show the second quadrant demagnetization loop and energy product of post-cured magnets prepared using unimodal spherical and unimodal non-spherical particles. Remanence, intrinsic coercivity, and energy product are key attributes of a magnet. Remanence (B r ) refers to the magnetization remained in a ferromagnetic material after an external magnetic field is removed and is the y-intercept in the second quadrant plots. Intrinsic coercivity (H ci ) is the strength of the magnetic field required to reduce the magnetic polarization to zero and corresponds to the x-intercept. Energy product, (BH) max , represents the magnetostatic energy a permanent magnet material can store, and is therefore a direct indicator of magnetic strength. The higher the B r , H c , and (BH) max values, the stronger the magnet. Table 1 summarizes the magnetic performance of some of the magnets tested in this study.
Magnetic performance of UADW magnets
In the case of unimodal mixing, the highest printable loading for the non-spherical plate-like particles is 55 vol%, which is lower than that for unimodal spherical particles (60 vol%). The highest loading is mainly limited by the working viscosity, and non-spherical particle suspensions tend to have a higher viscosity because of the increased particle-particle interactions through hydrodynamics and/or direct particle contacts [39] . As shown in Table 1 , the magnets printed from spherical and non-spherical particles showed similar H ci values (9.50 kOe vs. 9.42 kOe) at the corresponding highest loading of 60 vol% and 55 vol%, respectively. For a given type of feedstock particles, the higher solid loading, the higher the remanence (B r ), as reported in our previous study for the spherical particles [1] . Although the spherical particle samples have a higher particle loading of 60 vol%, the non-spherical samples at 55 vol% showed considerably higher B r and (BH) max values (4.66 kG and 4.72 MGOe), compared to the spherical samples with B r = 3.76 kG and (BH) max = 3.05 MGOe. Such difference may be explained by a higher B r (9.03 kG) of the non-spherical melt-spun particles relative to the spherical particles produced from atomization (7.30 kG) . If the measured remanence of the printed magnets is normalized by the corresponding powder B r , the spherical and non-spherical samples possess similar "relative remanence" values (51.5% vs. 51.6% of the feedstock powder B r ).
To further increase the particle loading of non-spherical particles and consequently the remanence and energy product, bimodal mixing is used. A loading as high as 65 vol% was achieved by mixing 80-μm and 5-μm particles (δ = 16; ζ = 0.67). The magnets printed from this suspension has a similar H ci , but has a B r value of 5.88 kG and a (BH) max value of 7.26 MGOe, which are 26% higher and 54% higher compared In the bimodal case, a larger nozzle tip of 1.6 mm and a layer thickness of 800 μm were used to accommodate for the larger particles present, whereas a 400-μm (dia.) tip and a layer thickness of 200 μm were used for the unimodal case. In both cases, the surface profile was captured using white light interferometry with a scanned area of 0.7 mm × 0.5 mm on the top surface. The color bar shows the height variation following the horizontal lines drawn across the sample.
to the unimodal case. Using bimodal mixing to compensate for the associated increase in viscosity for non-spherical particles, the magnetic performance, namely, the remanence and energy product, was further improved. Additionally, the properties of UADW magnets with bimodal mixing rival those of a casted magnet (B r = 5.89 kG; H c = 9.3 kOe; BH max = 7.31 MGOe). UADW is much more versatile than casting when it comes to printing magnets of more complex shapes without using a mold for casting and printing directly onto existing components for seamless integration. This point is illustrated in Fig. 7a , which shows a mechanical test coupon and a magnet sensor printed onto a glass slide. Fig. 7b summarizes and compares the magnetic performance of polymer-bonded magnets prepared by various 3D printing methods and injection molding (IM). In addition to UADW, magnets have also been 3D printed using Big Area Additive Manufacturing (BAAM), Selective Laser Sintering (SLS), Binder Jetting, and Thermo-curing Direct Write (DW). The feedstock powder and the associated intrinsic magnetic properties vary in each study, so "relative remanence" and "relative intrinsic coercivity" are calculated by normalizing the measured B r and H ci of the magnets with the corresponding B r and H ci of the feedstock powder. UADW combined with bimodal mixing (labeled as "bimodal-UADW" in the figure) offers the highest relative remanence and relative intrinsic coercivity. The high remanence may be explained by the increase in the overall particle loading with minimal porosity.
Compared to methods such as BAAM and FDM, the relatively low processing viscosity of UADW prior to UV curing allows the fusion between extrudates, thereby minimizing the void within the printed magnets. For methods like SLS and binder-jetting, the porosity of parts depends largely on: (i) how the powder layer is discharged and spread onto the build plate [9] and (ii) the ink infiltration for binder-jetting and the sintering process for SLS. In terms of relative intrinsic coercivity, magnets produced from the UADW method have a value close to one, suggesting the successful preservation of intrinsic powder properties [1] . (c-d) Second quadrant hysteresis curve and energy product of "unimodal printed", "bimodal printed", and "bimodal casted" magnets. The unimodal sample contained 20-μm melt-spun particles at 55 vol%, and the bimodal sample was prepared by mixing 80-μm and 5-μm particles with ζ = 0.67. The total particle loading in the "bimodal printed" and "bimodal casted" magnets is 65 vol%. Table 1 Comparison of bulk density, highest printable particle loading, and the resulting properties of magnets prepared by different fabrication methods (UADW vs. casting), mixing strategies (unimodal vs. bimodal), and types of feedstock particles (spherical vs. non-spherical). Sph.: spherical atomized particles; N-Sph.: non-spherical melt-spun particles.
Conditions
Mixing during the processing. The difference in relative intrinsic coercivity between different methods is mainly caused by the difference in processing temperature. Methods like IM and BAAM requires melting of the polymer carrier at a temperature typically higher than 200°C, which may disturb the alignment of the spins and cause particle oxidation. The UADW process was carried out at room temperature, followed by post-curing at 60°C to minimize degradation associated with the heat treatment. Combining the bimodal mixing method with UADW enables the fabrication of magnets with the best magnetic performance reported to-date.
Conclusions and outlook
This paper builds on a recently developed 3D printing method called UV-assisted Direct Write (UADW) to fabricate magnets from highly concentrated plate-like magnetic particles. Compared to spherical particles reported in a previous study [1] , the plate-like particles prepared from melt spinning are magnetically stronger -having a higher remanence (B r ) and higher energy product (BH) max . However, suspensions containing the plate-like particles tend to have much higher viscosities, which further limit the maximum particle loading in the feedstock suspensions for UADW. To overcome this limitation, two different sizes of plate-like particles were mixed to increase the polydispersity and thus lower the overall viscosity, taking advantage of the well-known "Farris effect" in rheology [40] . Intuitively, Farris effect may be understood in terms of the filling of smaller particles in the interstitial space between the larger particles. Using an appropriate size ratio (δ = 16) and volume ratio (ζ = 0.67) between the "large" particles and "small" particles, a suspension containing 65 vol% total particle loading was prepared and used for 3D printing with UADW. The resulting magnets have an intrinsic coercivity (H ci ) of 9.30 kOe, a remanence (B r ) of 5.88 kG, and an energy product ((BH) max ) of 7.26 MGOe. These values are by far the highest in the literature of 3D printed magnets and rival those of casted polymer-bonded magnets. Unlike casting, 3D printing is much more versatile in producing functional components with different form factors. The mechanical and magnetic properties may further be engineered through shape and topology optimization. Scientifically, the rheological data presented in this study provides the basis for understanding and modeling highly concentrated suspensions of nonspherical particles, which remains largely unexplored. Technologically, the magnetic performance of 3D printed magnets may be further improved through material formulations and process control. Of particular interest is to explore the use of anisotropic magnetic particles and how to control their alignment through in-situ processing [41] or postprocessing [42] , which may lead to even stronger magnets as suggested by other authors. All in all, this paper describes rheology-enabled 3D printing of polymer-bonded magnets with the best magnetic performance reported in the literature thus far.
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